Adult mammalian brains are capable of some structural plasticity. Although the basic cellular mechanisms underlying learning and memory are being revealed, extrinsic factors contributing to this plasticity remain unspecified. White-footed mice (Peromyscus leucopus) are particularly well suited to investigate brain plasticity because they show marked seasonal changes in structure and function of the hippocampus induced by a distinct environmental signal, viz., photoperiod (i.e. the number of hours of light/day). Compared to animals maintained in 16 h of light/day, exposure to 8 h of light/day for 10 weeks induces several phenotypic changes in P. leucopus, including reduction in brain mass and hippocampal volume. To investigate the functional consequences of reduced hippocampal size, we examined the effects of photoperiod on spatial learning and memory in the Barnes maze, and on long-term potentiation (LTP) in the hippocampus, a leading candidate for a synaptic mechanism underlying spatial learning and memory in rodents. Exposure to short days for 10 weeks decreased LTP in the Schaffer collateral-CA1 pathway of the hippocampus and impaired spatial learning and memory ability in the Barnes maze. Taken together, these results demonstrate a functional change in the hippocampus in male white-footed mice induced by day length.
One important goal of neuroscience is to understand the mechanisms underlying brain plasticity. Toward that end, substantial research has been conducted using in vivo and ex vivo chemical and genetic manipulations of standard laboratory rodent research models (Fisher, 1997; Wells and Carter, 2001; Smale et al., 2005) . However, natural selection has produced many vertebrate species that display plasticity in physiology and behavior across seasons as adaptive mechanisms for survival. Seasonal changes in physiology and behavior, driven by the annual cycle of changing day length (photoperiod), presumably evolved to allocate resources among competing energetically expensive physiological processes in individuals living outside of tropical latitudes (Nelson et al., 2010) . Among these energy-coping tradeoffs are morphological and functional changes in the brain which have been studied extensively in nonmammalian vertebrates such as reptiles (Delgado-Gonzalez et al., 2008) , fish (Zhang et al., 2009; Walton et al., 2010) , and birds (Nottebohm, 2004; Ball and Balthazart, 2010) . Most photoperiodic brain plasticity studies have been conducted in birds, focusing primarily on brain regions comprising the song control system (Meitzen and Thompson, 2008; Ball and Balthazart, 2010) and the hippocampus (Sherry and Hoshooley, 2010) . Compared to birds, few mammalian models of photoperiodic brain plasticity exist (Hofman and Swaab, 2002) . Studies of naturally occurring examples of brain plasticity may provide novel insights into the regulatory mechanisms underlying such processes.
White-footed mice (Peromyscus leucopus) are photoperiodic rodents indigenous to the Eastern and Southern United States and Eastern Mexico (King, 1968) . This species has evolved a suite of adaptive responses to survive the harsh conditions of winter, including reducing the size of the reproductive system, as well as the brain, that are induced by exposure to short days (Pyter et al., 2005a) . Changes in brain morphology in P. leucopus following exposure to short day lengths are accompanied by impaired spatial learning and memory in the Morris water maze (Pyter et al., 2005a (Pyter et al., , 2006 Workman et al., 2009) . Spatial learning and memory is correlated with hippocampal long-term potentiation (LTP; Shapiro and Eichenbaum, 1999; Lynch, 2004) , such that LTP is induced in the hippocampus during learning (Whitlock et al., 2006) , inhibition of LTP impairs performance in spatial learning tasks (Morris et al., 1986) , and LTP maintenance in the hippocampus is required for retention of spatial memory (Pastalkova et al., 2006) . LTP, a measure of increased efficiency of synaptic transmission following high-frequency stimulation (Bliss and Gardner-Medwin, 1973) , is the strongest candidate for a synaptic mechanism by which new memories are formed and stored in the brain (Bliss and Collingridge, 1993; Malenka, 2003; Lynch, 2004) . Although a complete understanding of how LTP translates into memory storage remains unspecified, to better understand the mechanisms underlying the shortday impairment of spatial learning and memory, we examined the role of photoperiod on in vitro hippocampal LTP in P. leucopus. Additionally, to confirm and extend previous findings on spatial learning and memory in P. leucopus using the Morris water maze, we examined the role of photoperiod on spatial learning and memory in the Barnes maze, a dry-land, and more ecologically relevant alternative to the Morris water maze.
EXPERIMENTAL PROCEDURES Animals
Thirty-four adult male P. leucopus, from our breeding colony at the Ohio State University, were singly housed upon weaning and held in long days (LD, 16 L:8 D) until sexual maturity (Ͼ60 days). On reaching adulthood, mice were randomly assigned to either LD (nϭ15) or short days (SD, 8 L:16 D; nϭ19) . Mice were maintained in photoperiod for 10 weeks to establish photoperiod-induced changes prior to testing (Pyter et al., 2005a; Workman et al., 2009) . Eighteen mice were used for LTP analysis (LD nϭ9; SD nϭ9) and the remaining were used for behavioral testing in the Barnes maze and assessment of reproductive tissue mass (LD nϭ6; SD nϭ10). Two mice that failed to regress their gonads in response to SD exposure were excluded from Barnes maze and reproductive tissue mass analysis.
Mice were housed in standard polycarbonate cages (32ϫ18ϫ14 cm), maintained at constant temperature (21Ϯ4°C) and relative humidity (50Ϯ5%), provided ad libitum access to filtered tap water and food (Harlan Teklad 8640, Indianapolis, IN, USA), and received care from the Ohio State University Laboratory Animal Resource staff for the duration of the study. All procedures were approved by the Ohio State University Institutional Animal Care and Use Committee and comply with guidelines established by the National Institutes of Health published in Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996).
Long-term potentiation
Late during the light phase, to coincide with the time of behavioral testing (see below), transverse hippocampal slices (400 m) were prepared from male Peromyscus that had been exposed to LD (nϭ9) and SD (nϭ9). Slices were maintained at 28°C in an incubation chamber bubbled with mixture of 95% O 2 and 5% CO 2 . Following 90 min incubation, one slice was then transferred to a recording chamber affixed to a microscope (model E600FN, Nikon Instruments Inc., Melville, NY, USA) with a custom stage (Syskiyou Instruments, Grants Pass, OR, USA) with continuous perfusion (2 ml/min) of oxygenated artificial cerebrospinal fluid (aCSF) containing (in mM) 124 NaCl, 4 MgSO 4 , 4 KCl, 1.0 Na 2 HPO 4 , 4 CaCl 2 , 26 NaHCO3, and 10 D-glucose. A bipolar stimulating electrode (67 m, NiCr) was placed in the stratum radiatum to stimulate the Schaffer collateral-CA1 pathway. Field excitatory post-synaptic potentials (fEPSPs) were recorded (model 2400, AM Systems, Sequim, WA, USA) with a glass electrode (1-2 M⍀) filled with aCSF. Input/output curves were established by recording fEPSPs in response to different stimulating intensity (from 20 to 100 A). Baseline synaptic responses were recorded with a test stimulus delivered at 0.033 Hz (0.1 ms pulse duration). The stimulus strength was adjusted so that it gave rise to fEPSPs with slope values between 30 and 40% of the maximal response recorded during the input/output measurements (Selcher et al., 2003; Nguyen, 2006) . Following a 30-min recording of stable responses (less than 10% variation), two trains of tetanus stimuli (100 Hz for 1 s, 5 min apart) were delivered to induce LTP. The mean percent change of fEPSPs slope was calculated from one slice from each animal. The slope calculations for each animal were normalized to the mean of the control responses recorded during 30 min prior to tetanus stimulation.
Barnes maze
The Barnes maze (122 cm diameter), with 18 escape holes (9.5 cm) placed every 20°around the perimeter (ENV-563-R, MedAssociates, St. Albans, VT, USA), was completely surrounded with a 60 cm high white polycarbonate barrier to prevent escape. The blind escape holes were blocked by black panels, and the target escape hole was visually the same as the blind holes, but contained a black escape box (38.7ϫ12.1ϫ14.2 cm). Distinct visual cues (black two dimensional geometric shapes, 20 -25 cm) were attached to the upper edge of the surround at the four compass points and visual cues distal to the maze were present along the walls of the room. Light intensity measured at the maze surface was 1200 lux, which was approximately twice the average intensity of illumination measured 100 cm from the floor in the vivarium housing rooms (LDϭ599 lux, SDϭ600 lux).
To avoid disruption of photic circadian cues, all testing was performed late in the light phase and animals were returned to their vivarium rooms prior to the onset of darkness. Testing consisted of 5 days of acquisition training followed by a single probe trial 24 h after the last training trial. Each acquisition day consisted of one session/animal, three trials per session, with an inter-trial interval of 5 min. For acquisition training, all mice were brought into the testing room and allowed to acclimate for 30 min before the start of testing. Mice were moved from their home cage to the testing arena in an opaque plastic beaker covered with a small net to avoid direct handling. Each trial consisted of carefully placing the mouse in the center of the maze from the opaque plastic beaker. The mouse was allowed to search for the escape box for 120 s. If the mouse had not found the escape box by 120 s, it was gently guided to it using a small net. The mouse was allowed to remain in the escape box for 60 s, and then returned to its home cage for a minimum of 45 s. To minimize olfactory cues, the surface of the maze was cleaned with 70% EtOH at the conclusion of testing of each mouse, and each day the maze was rotated 90°c ounter clockwise, with the escape box location and location of visual cues remaining constant throughout the testing period. The probe trial consisted of a single 90 s trial with the former escape box removed and replaced with a blind box. Twenty-four hours after the conclusion of behavioral testing, animals were killed and reproductive tissues were collected and weighed.
All behavior was recorded and scored using The Observer software (XT 8.0; Noldus, Leesburg, VA, USA) by an observer uninformed as to the treatment of the mice. For training trials, latency to escape and number of errors were recorded. An error was defined as an investigation of a blind escape hole where the entire head of the mouse broke the plane of the edge of the escape hole. For the probe trial, latency to escape hole, number of errors, and time in quadrant of escape hole were measured. Learning criterion was defined as making an average of Յ5 errors for three trials in 1 day (Bredy et al., 2004) .
Statistical analyses
Repeated measures ANOVAs were used to compare Barnes maze performance across days and LTP across time between LD and SD groups. Within days, a priori comparisons of photoperiod were conducted using two-tailed Student's t-tests. Two-tailed Student's t-tests were also used for other comparisons of behavioral and reproductive tissue mass data between LD and SD groups. All comparisons were considered statistically significant when PϽ0.05.
RESULTS

Short days reduce body and reproductive tissue mass
Exposure to SD reduced body mass (t (12) ϭ3.142, PϽ0.05; Fig. 1A ), mass of paired testes (t (12) ϭ9.620, PϽ0.001), epididymides (t (12) ϭ6.080, PϽ0.001), and seminal vesicles (t (12) ϭ8.460, PϽ0.001; Fig. 1B ).
Short days impair Barnes maze performance
Compared to LD mice, exposure to SD increased errors in finding the escape hole across days during acquisition training (F (1,7) ϭ6.775, PϽ0.05; Fig. 2A ). There was no effect of photoperiod on latency to escape the Barnes maze across days (F (1,7) ϭ0.230, PϾ0.05; Fig. 2B ). However, both groups of mice displayed learning as the latency to escape the Barnes maze decreased over days of training (SD: F (1,4) ϭ5.231, PϽ0.05; LD: F (1,4) ϭ10.996, PϽ0.05; Fig. 2B ). SD exposure decreased the time spent in the quadrant of the former escape hole during the probe trial (t (12) ϭ2.774, PϽ0.05), so that the SD mice spent no more time in the target quadrant than expected by chance (25%, Fig. 2C ), without significantly increasing total errors during the probe trial (t (12) ϭϪ1.727, Pϭ0.11; Fig. 2D ).
Short days impair LTP
Two trains of tetanic stimuli induced LTP of fEPSP slope in the Schaffer collateral-CA1 pathway of hippocampal slices 60 min post-tetanus in LD (nϭ9, 172.4Ϯ10.6%). LTP was also induced at a significantly decreased level in SD hippocampal slices 60 min post-tetanus (nϭ9, 136.2Ϯ7.0%; Fig. 3 ). Compared to LD exposed mice, SD exposure decreased the level of LTP induced at all time points after the paired tetanus stimuli until the end of the experiment (F (1,15) ϭ6.682, PϽ0.05; Fig. 3 ).
DISCUSSION
The present study establishes that short days decrease the amplitude of LTP in the CA1 region of the hippocampus in vitro and impair spatial learning and memory in the Barnes maze. The observed behavioral impairment in short days confirms and extends the previous reports that short days impair spatial learning and memory in the Morris water maze in male P. leucopus (Pyter et al., 2005a) . Additionally, the decrease in LTP in SD exposed male P. leucopus provides a functional correlate of the SD-induced reduction in hippocampal volume and dendritic spine density (Pyter et al., 2005a) . It is well established that LTP is associated with spatial learning and memory, and thus our data reveal that LTP can be modified by day length.
Day length is encoded physiologically by the nightly duration of pineal melatonin secretion so that short days are encoded by a relatively long duration of elevated melatonin secretion, whereas long days are encoded by a relatively short duration of sustained melatonin secretion (Carter and Goldman, 1983; Bittman and Karsch, 1984;  reviewed in: Bartness et al., 1993; Reiter, 1993; Prendergast et al., 2009) . Although the precise role of melatonin on hippocampal function remains obscure, several studies have indicated that pharmacological treatment with melatonin blocks LTP in the CA1 region of the hippocampus (Feng et al., 2002; Wang et al., 2005; Ozcan et al., 2006; Talaei et al., 2010) , as well as impairs spatial learning and memory performance (Collins and Davies, 1997; Feng et al., 2002; Cao et al., 2009 ). Thus, our data appear to be consistent with the attenuating effects of melatonin on LTP and spatial learning and memory, i.e., SD corresponds to extended melatonin exposure. However, one critical difference between the present study and previous studies is the assessment of naturalistic melatonin rhythms (current study) compared to the direct effects of exogenous melatonin on LTP and learning and memory. Although melatonin was not assayed in the current study, it is the duration of pineal melatonin excretion, but not absolute melatonin concentration at a specific time point, that is the critical signal transducer underlying the SD photoperiodic responses in P. leucopus (Dowell and Lynch, 1987; Carlson et al., 1989) . Inbred laboratory rodents have been selected to be nonresponsive to photoperiod and many strains have blunted or absent pineal melatonin rhythms (Ebihara et al., 1986; Goto et al., 1989; Stehle et al., 2002; Simonneaux et al., 2006) . Thus, results from inbred laboratory strains of mice and rats should be interpreted with caution, whereas studies using naturally selected species can produce reliable and valid data on this issue.
Melatonin may also have indirect effects on LTP as demonstrated in the current study. Hippocampal slices were prepared and tested during the light phase when pineal melatonin production is at its nadir, and thus the photoperiodic differences reported here persist in the absence of circulating or exogenously administered melatonin. Furthermore, it has been demonstrated that circadian rhythms in CA1 LTP and neural excitability exist independent of melatonin . Thus, it is possible that the effects of photoperiod we report here may not be melatonin-dependent, but could be a result of altered circadian rhythms induced by changes in photoperiod. Further experiments using pinealectomized male P. leucopus are necessary to test this hypothesis.
Underlying the photoperiodic reduction of brain mass and function in this species are reductions in the mass of reproductive tissues and testosterone (current study ; Pyter et al., 2005a Pyter et al., ,b, 2006 Workman et al., 2009) . Testosterone impairs CA1 LTP in rats (Harley et al., 2000) and alters hippocampal synaptic plasticity in Mus (Sakata et al., 2000) . Although species differences among rodents in the effects of testosterone on hippocampal function and LTP remain unspecified, the present study argues against testosterone impairing hippocampal LTP in white-footed mice, as the SD mice (low testosterone) reduced LTP. SD deficits in spatial learning and memory can be rescued with testosterone; however, removal of testosterone from LD mice did not impair spatial learning and memory, and neither testosterone nor photoperiod altered androgen receptor expression in the hippocampus (Pyter et al., 2006) . Taken together, interpretation of these results suggests that the mechanism underlying photoperiodic behavioral and physiological plasticity in the hippocampus of whitefooted mice may be independent of gonadal steroids; however, we cannot rule out this possibility due to potential de novo synthesis of steroids in the brain (for review see Schmidt et al., 2008) .
Induction of Schaffer collateral-CA1 LTP is N-methyl-D-aspartic acid (NMDA) receptor-dependent and is based on cooperativity of ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) and NMDA ion channels (Bliss and Collingridge, 1993) . AMPA channels are responsible for early LTP (Ͻ20 min), while late-phase LTP is NMDA and AMPA channel-dependent (Lisman and Raghavachari, 2006) . Lower recruitment and/or availability of silent NMDA synapses or partially silent NMDA/AMPA synapses in SD may underlie the photoperiodic differences in LTP (Poncer, 2003; Lisman and Raghavachari, 2006) . Additionally, AMPA-mediated transmission can be potentiated via multiple pathways by the activated alpha subunit of calmodulin kinase II (CaMKII) (Lisman and Raghavachari, 2006) , and melatonin impairs calmodulin and CaMKII activity (Fukunaga et al., 2002; Soto-Vega et al., 2004) , which is consistent with our current findings that both earlyand late-phase LTP are equally impaired in mice that had a longer duration of melatonin exposure (Fig. 3) . Thus, we speculate that photoperiodic differences in Ca2 ϩ regulation, silent synapses, or expression of AMPA and NMDA receptors may underlie photoperiodic differences in LTP. However, the contribution of CA1-specific mRNA and protein expression of ion channels, proteins involved in calcium regulation, and the contribution of trophic factors such as Arc or Bdnf to SD impairment of LTP and spatial learning and memory remain to be investigated.
Male P. leucopus maintains breeding territories in the spring and early summer (King, 1968) , and the observed attenuation of spatial memory and LTP may represent an adaptation to conserve energy during the short days of winter when territorial maintenance is unnecessary. In addition to energy conservation, the photoperiodic plasticity in P. leucopus described in the current and previous studies also shares some common adaptive nonreproductive photoperiodic traits with other mammals, such as alterations in immune function, affective responses, and social behaviors (reviewed in Nelson et al., 2010) . The extent to which using naturalistic mammalian models of photoperiodic plasticity in brain structure and physiology, which show robust responses to a single environmental signal (viz. day length), will lead to insights into the mechanisms underlying seasonal human pathologies remains unspecified.
